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Cell migrationThe PAK2/βPIX/GIT1 (p21-activated kinase 2/PAK-interacting exchange factor-β/G protein-coupled receptor
kinase-interactor 1) complex has been shown to distribute to both membrane rufﬂes and focal adhesions of
cells, where it plays an important role in regulating focal adhesion turnover. However, the detailed mechanism
underlying this regulation is largely unknown. We previously reported that MYO18Aα interacts via its carboxyl
terminuswith the PAK2/βPIX/GIT1 complex throughdirect binding toβPIX, and that knockdown ofMYO18Aα in
epithelial cells causes accumulation of the complex in focal adhesions and decreased cell migration ability (Hsu
et al., 2010). The current study characterized the detailed MYO18Aα–βPIX interaction mechanism and the bio-
logical signiﬁcance of this interaction. We found that deletion of the carboxyl-terminal globular domain of
MYO18Aα profoundly altered the cellular localization of βPIX and inhibited cell migration. βPIX interacts
through its most carboxyl-terminus, PAWDETNL (639–646), with MYO18Aα and partially colocalized with
MYO18Aα in membrane rufﬂes of cells, whereas βPIX1–638, a mutant with deletion of PAWDETNL, accumulated
in focal adhesions. Both focal adhesion numbers and area inβPIX1–638-expressing cells were greater than those in
cells expressingwild-type βPIXFL. Further experiments using deletionmutants ofMYO18A andβPIX showed that
disruption of MYO18A–βPIX interaction not only impaired cell motility but also decreased Rac1 activity. Collec-
tively, our data unravel the interaction regions between MYO18A and βPIX and provide evidence for the critical
role of this interaction in regulating cellular localization of βPIX, Rac1 activity, and adhesion and migration in
epithelial cells.ase-interactor 1; GEF, guanine
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MYO18A is newly discovered, unconventional member of themyosin
superfamily. The general biological functions of unconventional myosins
are reported to include an involvement in cell migration, intracellular
trafﬁcking, adhesion, cytokinesis, and gene transcription [1]. However,
the biological functions of MYO18A have remained elusive. Alternative
splicing of MYO18A gene transcript results in two different isoforms,α and β, with molecular weights of ~230 and 190 kDa, respectively
[2,3]. MYO18Aβ lacks the KE-rich region and PDZ domain found in
MYO18Aα, but both isoforms share a putative myosin motor sequence,
an IQ motif in the neck region, and a long coiled-coil tail followed by a
segment of globular tail domain at the carboxyl terminus [2,3]. Previous
studies usingNorthern blot and reverse transcription-polymerase chain
reaction (RT-PCR) analyses have shown that MYO18Aα is present in
most tissues,whereasMYO18Aβ is expressed speciﬁcally in hematopoi-
etic tissues and cell lines [3]. These two isoforms are reported to have
differential subcellular localizations. Whereas MYO18Aα is distributed
mainly throughout the cytoplasm, showing some association with the
actin cytoskeleton, plasma membrane and/or endoplasmic reticulum
(ER)–Golgi structures [2–5], MYO18Aβ shows a diffused pattern in the
cytoplasm with no speciﬁc subcellular localization [3–5].
To date, MYO18Aα has been shown to exhibit several functional ac-
tivities that are mediated by protein–protein interactions. MYO18Aα
was ﬁrst reported to form a complex with nonmuscle myosin IIA in
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participation of MYO18Aα in theMRCK/LRAP35a/MYO18Aα (myotonic
dystrophy kinase-related Cdc42-binding kinase/leucine repeat adapter
protein 35A/MYO18Aα) tripartite complex, which colocalizes exten-
sively with lamellar actomyosin ﬁlaments in HeLa cells. In this complex,
the linker protein LRAP35a activates and targets MRCK to actomyosin
through interaction via its PDZ domain with MYO18Aα, subsequently
leading to nonmuscle myosin IIA-dependent actomyosin cytoskeleton
reorganization within the lamellipodia [7]. Another example is
the Golgi-associated GOLPH3 (Golgi phosphoprotein 3)/PtdIns(4)
P/MYO18Aα protein complex [8], in which MYO18Aα is proposed
to interact with the Golgi membrane through GOLPH3, thus producing
a tensile force that establishes the ﬂattened shape of the trans-Golgi
network. The PDZ domain of MYO18A is shown to mediate its direct
binding to GOLPPH3, and the interaction then modulates the actin
binding properties of MYO18A N-terminal extension [9]. Recently, it is
reported that, in response to DNA damage, the DNA damage protein
kinase, DNA-PK, is shown to phosphorylate GOLPH3, resulting in in-
creased interaction with MYO18A and cause a tensile force to the
Golgi [10]. Interference with the DNA-damage-induced Golgi response
by DNA-PK, GOLPH3, or MYO18A depletion reduces cell survival, in-
dicating that the GOLPH3/MYO18A/F-actin complex plays a critical
role in DNA-damage-induced Golgi-dispersal [10]. Moreover, a pro-
teomics analysis of the ezrin interactome in B cells demonstrated
the presence of a MYO18Aα/ezrin complex [11], showing that B
cell receptor (BCR) stimulation in these cells increased the associa-
tion between MYO18Aα and ezrin and induced their co-segregation
with the BCR and phosphotyrosine-containing proteins [11]. The au-
thors of this study proposed that the ezrin/MYO18Aα complex plays
an important role in the assembly and localization of BCR signaling
complexes. In a recent study of integrin adhesion complexes, MYO18Aα
was found to colocalize with active β1 integrin and F-actin at membrane
rufﬂes [12].
βPIX (also known as cool-1 or ARHGEF7) was ﬁrst identiﬁed as a
protein that interacts with members of the PAK family [13] and
was subsequently shown to belong to the group of guanine
nucleotide-exchange factors (GEFs) that mediate the activation of
the Rho GTPases Rac1/Cdc42 by stimulating the exchange of GDP
for GTP [14,15]. βPIX proteins directly bind through their SH3
domain to a speciﬁc proline-rich domain in PAKs; thereafter, they co-
localize to focal adhesions, cooperate in the formation of lamellipodia
and membrane rufﬂes, and mediate cell spreading via activation of
Rac1 GTPase [13,16,17]. βPIX associated with PAK/GIT complexes has
been reported to travel between at least three different subcellular lo-
calizations, including the leading edge, the cytoplasmic compartment
and focal adhesions, and is responsible for the recycling of critical
focal adhesion components required for Rac1-mediated actin reorgani-
zation in the membranes of migrating cells [15,18–20]. Moreover, βPIX
has been shown to act as a critical regulator of focal complex turnover
and, consequently, cell migration [21–26]. More recently, a global
focal adhesion proteome study reported that βPIX in nascent focal
adhesions is required for lamellipodia formation and Rac1 activation in-
duced by inhibition of myosin II; moreover, βPIX was demonstrated to
act as a negative regulator of focal adhesion maturation by driving
rapid focal adhesion turnover, thereby promoting cell migration [27].
Thus, the subcellular localization of βPIX appears to be critical for its
functional activities, although the mechanistic details of this regulation
remain unclear.
Using co-immunoprecipitation and mass spectrometric analysis, we
ﬁrst reported the interaction of MYO18Aα with the PAK2/βPIX/GIT1
complex, showing that MYO18Aα directly binds via its carboxyl-
terminal globular tail domain to βPIX [28]. We also found that knock-
down of MYO18A in epithelial cells did not prevent formation of the
PAK2/βPIX/GIT1 complex, but rather changed its localization to focal
adhesions. Additionally, MYO18A-depleted cells showed dramatic
changes in morphology and formation of actin stress ﬁber andmembrane rufﬂe, signiﬁcant increases in the number and size of
focal adhesions, and drastic decrease in cell motility. Our data indi-
cated MYO18A as a novel binding partner of the PAK2/βPIX/GIT1
complex and suggested that MYO18A-βPIX interaction may play an
important role in regulating epithelial cell migration via affecting
multiple cell machineries. However, the domain(s) of βPIX participating
in this interaction is (are) unknown and the biological signiﬁcance of
MYO18A-βPIX interaction in epithelia cell motility remains to be further
established.
In the present study, we investigated the role of MYO18Aα–βPIX
protein–protein interactions in regulating the cellular distribution of
βPIX and subsequent effects on focal adhesions, Rac1 activity and cell
migration.Wemapped the domains of βPIX responsible for the interac-
tion between MYO18Aα and βPIX in detail and provide evidence that
βPIX is targeted to membrane rufﬂes through binding via its carboxyl-
terminal eight amino acids to MYO18Aα. We found that deletion of
these eight amino acids from βPIX abolished the interaction between
MYO18Aα and βPIX in epithelial cells, induced dramatic changes in cel-
lular localization of βPIX, and altered Rac1-dependent focal adhesion
size and number and cell migration.We further observed that silencing
of MYO18Aα drastically reduced Rac1 activity and blocked the en-
hancement of cell migration by ectopically expressed βPIX; moreover,
re-expressing MYO18Aα in these cells restored βPIX-mediated actions.
Our data indicate that MYO18Aα–βPIX interaction is involved in the
regulation of adhesion and migration by modulating the βPIX/Rac1
axis in epithelial cells.
2. Materials and methods
2.1. Cell culture and transfection
Human epidermoid carcinoma (A431), pancreatic ductal adenocar-
cinoma (MIA-PaCa-2 and PANC-1), colon carcinoma (SW480 and
SW620), liver cancer (Hep-3B, Hep-G2, and SK-Hep-1), breast cancer
(MCF-7 and MDA-MB-435S), neuroblastoma (SK-N-SH), lung cancer
(CL1-0 and CL1-5), cervical carcinoma (HeLa and C33A), nasopharyn-
geal carcinoma (NPC-BM1, NPC-TW02, and NPC-TW04), oral squamous
carcinoma (OEC-M1, SCC4, SAS, and OC3), bladder cancer (U1 and U4)
and T cell leukemia (Jurkat T) cells were cultured as previously
described [29]. Cells were washed twice with cold phosphate-buffered
saline (PBS), collected, and disrupted in an appropriate volume of lysis
buffer (10 mM Tris-HCl pH 7.4, 2 mM EDTA, 1 mM EGTA, 50 mM
NaCl, 1% Triton X-100, l mM phenylmethylsulfonyl ﬂuoride, 1 mM
benzamidine, 0.5 μg/ml aprotinin, 50 mM NaF, 20 mM sodium pyro-
phosphate, and 0.2 mM sodium orthovanadate). Cell lysates were
centrifuged at 15,000 ×g for 20 min at 4 °C, and the supernatants
were used as cell extracts for most experiments. Protein concentrations
were measured using a BCA protein assay kit from Pierce (Rockford, IL,
USA). For transfection, cells were plated at a density of 2 × 105 cells/well
in 6-well plates overnight, and then transfected with 2 μg indicated
plasmids using 5 μg/ml Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA). Cells were transfected overnight, and a fresh medium was added
24 h post-transfection.
2.2. Antibodies
Commercial antibodies against PAK2 (V19), GIT1, GFP, GST tag, Flag
tag,MYO18A (N15), andα-tubulinwere from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). The anti-vinculin antibody was from Sigma (St.
Louis, MO, USA). Anti-βPIX and anti-Rac1 antibodies were from BD
Transduction Laboratories (Lexington, KY, USA). The anti-PAK2 (N17)
antibody was produced in rabbits using a peptide corresponding to
the N-terminal region of human and rabbit PAK2 (amino acids 1–17;
MSDNGELEDKPPAPPVR), as described previously [30,31]. Anti-MYO18A
(C15) polyclonal antibodies were produced in rabbits using the C15
peptide corresponding to the C-terminal amino acids of the human
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described previously [28]. Anti-MYO18A (N1-311) polyclonal antibod-
ies were produced in rabbits using the in-house-produced His-tagged
human MYO18A fusion protein (amino acids 1–311).2.3. Plasmid construction
MYO18A clones. EGFP-C3/MYO18Aα and Rc-mut are as described
[28]. EGFP-C3/MYO18AαΔC and Rc-mutΔC were generated by site-
directed mutagenesis using EGFP-C3/MYO18Aα and Rc-mut as tem-
plates, respectively, and a primer with the sequence 5′-GGA GAC TCT
GAT GTG TAG TCG GAG CTG GAG GAC-3′, where the underlined bases
represent the positions mutated to create a stop codon.
βPIX clones. pFlag-CMV2/βPIXwas a kind gift fromDr. Takaya Satoh
(Kobe University Graduate School of Medicine, Japan). pFlag-CMV2/
βPIX was digested with EcoNI to remove unwanted sequences, blunted
with Klenow fragment, and re-ligated to generate pFlag-CMV2/βPIXF1.
F2 and F3 were ampliﬁed by PCR from pFlag-CMV2/βPIX using the fol-
lowing speciﬁc primer pairs: F2, 5′-GAA TTC CAA AGG ATT TGA TAC
GAC TGC C-3′ (forward) and 5′-GGA TCC TTA CTC TTT CCT CTT CCG
GAC TTC-3′ (reverse); and F3, 5′-GAA TTC AGA GCT TGA GCT GCA GAT
CC-3′ (forward) 5′-GGA TCC TTA CGT GAC CTT CGT TTG CTT CTG-3′
(reverse). Puriﬁed PCR products were digested with EcoRI and
BamHI and ligated into the pFlag-CMV2 vector (Sigma) to generate
pFlag-CMV2/βPIXF2 and pFlag-CMV2/βPIXF3. pFlag-CMV2/βPIX-FL
was digested with MfeI and BmgBI to remove unwanted sequences,
blunted with Klenow fragment, and re-ligated to generate pFlag-
CMV2/βPIXF4. pFlag-CMV2/βPIX-F4L was generated by site-directed
mutagenesis using a QuickChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA, USA). pFlag-CMV2/βPIXF4L was generated by
site-directed mutagenesis using pFlag-CMV2/βPIXF4 as a template
and a primer with the sequence 5′-ACT AAA AGT AAT GGT CAG ACA
GTG TGA GAA GAAAAGAGT CTT GTGGAT AC-3′, where the underlined
bases represent the positions mutated to create a stop codon. F4S was
PCR-ampliﬁed from pFlag-CMV2/βPIXF4 using the primer pair 5′-CTC
GAG GAA GAA AAG AGT CTT GTG GAT AC-3′ (forward) and 5′-GAA
TTC TTA TAG ATT GGT CTC ATC CCA G-3′ (reverse). Puriﬁed PCR
products were digested with XhoI and EcoRI and ligated into the
pEGFP-C3 vector (Clontech, Mountain View, CA, USA) to generate
pEGFP-C3/βPIX-F4S. pEGFP-C3/βPIXF4S-639 mut was generated by
site-directed mutagenesis using pEGFP-C3/βPIX-F4S as a template
and a primer with the sequence 5′-TGA GGA AAG TCC TGA AGA
ACA TGA ATG ATT GA GCC TGG GAT GAG ACC-3′, where the
underlined bases represent the positions mutated to create a stop
codon. The DNA sequences of the resulting mutants were conﬁrmed(A)
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tative of three independent experiments. (B) Flag-tagged βPIX was ectopically expressed in A4
antibody. Cellular proteins pulled down nonspeciﬁcally by protein A-beads alone, analyzed sim
SDS-polyacrylamide gels and immunoblotted with the indicated antibodies.by automated sequencing. βPIX cDNAwas PCR-ampliﬁed from pFlag-
CMV2/βPIX using speciﬁc primers and ligated into the pEGFP-C3 or
pDsRed-C1 vector to generate pEGFP-C3/βPIX and pDsRed-C1/βPIX,
respectively. pFlag-CMV2/βPIX1–638, pEGFP-C3/βPIX1–638 and pDsRed-
C1/βPIX1–638 were generated by site-directed mutagenesis using
pFlag-CMV2/βPIX, pEGFP-C3/βPIX and pDsRed-C1/βPIX as templates,
respectively, and a primer with the sequence 5′-TGA GGA AAG TCC
TGA AGA ACA TGA ATG ATT GAG CCT GGG ATG AGA CC-3′, where the
underlined bases represent the positions mutated to create a stop
codon. The DNA sequences of the resulting mutants were conﬁrmed
by automated sequencing.
2.4. Western blotting, immunoprecipitation, and GST pull-down
Western blot analyses were performed as previously described [28].
For routine immunoprecipitations, cell extracts were adjusted to equal
protein amount using lysis buffer. Cell extracts (1 mg protein in 350 μl
lysis buffer) were incubated overnight with 2 μg speciﬁc antibodies at
4 °C with shaking. The resulting immunocomplexes were captured
using protein A or G-Sepharose CL-4B beads (GE Healthcare, Pittsburgh,
PA, USA) at 4 °C for 1.5 h with shaking. The immunocomplexes were
collected by centrifugation, washed three times with 1 ml of solution
A (20 mM Tris–HCl pH 7.0 and 0.5 mM dithiothreitol) containing 0.5
M NaCl, and resuspended in 20 μl of solution A. For GST pull-down
assays, GST and GST-tagged PAK2N proteins produced in BL-21 (DE3)
cells transformed with pGEX-3X/PAK2N were puriﬁed on GSH-
conjugated agarose columns (GE Healthcare). Rac1 activity in cells
was examined bymixingGST proteins or GST-tagged PAK2N fusion pro-
teins (0.5 μg) with the indicated cell lysates in a total volume of 0.5 ml.
After incubation at 4 °C for 3 h, the protein mixtures were
immunoprecipitated with the indicated antibodies or control beads.
The immunoprecipitated products were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to
a PVDF (polyvinylidene diﬂuoride) membrane, and probed with anti-
bodies against the Rac1 or GST-tag.
2.5. Immunostaining and microscopy
A431 cells were cultured overnight on cover slips and then ﬁxed by
incubating with methanol for 5 min or with 4% formaldehyde for
15 min. Fixed cells were permeabilized in PBS containing 0.1% Triton
X-100 and blocked with bovine serum albumin (5 mg/ml in PBS).
MYO18A and βPIXwere detected by incubationwith speciﬁc antibodies
and FITC (ﬂuorescein isothiocyanate)- or rhodamine-conjugated
secondary antibodies using the sameprotocol. Cellswere simultaneously)
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Transwellmigration assayswere performed using 24-well Transwell
plates containing 8-μm-pore size polycarbonate ﬁlters (Corning Costar
Corp., Cambridge, MA, USA). Cells (0.5 × 105) suspended in a serum-
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3.1. βPIX is a MYO18Aα-interacting partner
We previously reported that MYO18Aα interacts with the PAK2/
βPIX/GIT1 complex through direct binding to βPIX. There are two
isoforms—α and β—of human MYO18A, but no suitable antibodies are
currently available to specially detect MYO18Aα. Thus, to further ex-
plore the biological function of MYO18Aα, we generated a MYO18Aα-
speciﬁc antibody in our laboratory using a fusion protein encoding the
N-terminal PDZ domain-containing region (amino acids 1–311), which
is not present in MYO18Aβ, as an antigen (Fig. S1A). Using this newly
generated anti-MYO18Aα (N1-311) antibody as well as an anti-
MYO18A (C15) antibody produced previously [28], we analyzed the
expression levels of MYO18Aα and MYO18Aβ in 26 human cancer cell
lines of different origins by Western blot analysis. As shown in Fig. S1B,
MYO18Aα represents the major isoform expressed in most cell
lines examined, whereas MYO18Aβ is highly expressed in two celllines: HeLa and Jurkat T. This analysis also clearly showed the ability
of our anti-MYO18Aα antibody (N1-311) to differentiate MYO18Aα
from MYO18Aβ, demonstrating its speciﬁcity. To conﬁrm the inter-
action between βPIX and MYO18Aα in cells, we performed co-
immunoprecipitation experiments in A431 cells, without and with
transfection of a Flag-tagged βPIX expression plasmid, using the
MYO18A (C15) antibody, and analyzed the immunoprecipitates by
Western blotting with anti-MYO18Aα (N1-311), anti-βPIX, and
anti-Flag antibodies. The results showed that both endogenous
βPIX and ectopically expressed Flag-βPIX interact with MYO18Aα
in A431 cells (Fig. 1A and B).3.2. Deletion of the carboxyl-terminal globular domain of MYO18Aα
abolishes membrane localization of βPIX and affects cell migration
We previously found that MYO18Aα interacts through its carboxyl-
terminal globular domain (amino acids 1972–2054) with βPIX, and
observed a signiﬁcant accumulation of βPIX/GIT1/PAK2 in focal adhe-
sions following MYO18Aα knockdown [28]. To evaluate the role of
MYO18A in regulating the cellular localization of βPIX, we generated a
mutant of MYO18Aα containing a deletion of amino acids 1972–2054
(ΔC) (Fig. 2A) and transfected it into our previously established
MYO18Aα-knockdown A431 stable cells (M1-7) [28]. Lysates of M1-7
cells expressing EGFP (enhanced green ﬂuorescent protein)-tagged
MYO18Aα full-length rescue mutant (Rc-mut) or ΔC (Rc-mut ΔC)
were harvested and immunoprecipitated using an anti-PAK2 (N17) an-
tibody to detect the PAK2/βPIX/GIT1/MYO18Aα complex. As shown in
Fig. 2B, Rc-mut, but not ΔC, was co-immunoprecipitated by the anti-
PAK2 (N17) antibody, indicating that deletion of amino acids 1972–
2054 of MYO18Aα disrupts its interaction with the PAK2/βPIX/GIT1
complex. Additionally, M1-7 cells were transfected with Rc-mut or ΔC
and DsRed-βPIX, and MYO18Aα and βPIX localization were visualized
by confocal microscopy (Fig. 2C). As shown in Fig. 2C, both MYO18Aα
and βPIX localized not only within the cytoplasm, but also at the cell
margins, including membrane rufﬂes and lamellipodia, as previously
described. Image overlays inmerged images indicated that the two pro-
teins partially colocalized within the cytoplasm and membrane rufﬂes
(Fig. 2C). In cells expressing the Rc-mut ΔC mutant, however, both
MYO18Aα ΔC and βPIX were not well-colocalized with each other
(Fig. 2D). These observations suggest that the carboxyl-terminal globu-
lar domain of MYO18Aα is not only required for the interaction of
MYO18Aα with βPIX but may also affect the cellular localization of
βPIX.
To further characterize the critical role of the carboxyl-terminal
globular domain inMYO18Aα, we ectopically expressed equal amounts
of Rc-mut or ΔC in M1-7 cells (Fig. 2E) and assessed their migration
ability using Transwell migration assays. As shown in Fig. 2F and G,
cells overexpressingMYO18Aαprotein exhibited increased cellmotility
(~2 fold) compared with vector (mock) -transfected control cells. Dele-
tion of the carboxyl-terminal globular domain eliminated this positive
regulatory effect of MYO18Aα on cell migration, reducing cell motility
comparable to the original level. According to our previous ﬁndings
that MYO18Aα-knockdown cells showed enlarged size and area of
focal adhesions, compared to the control cells [28]; we thus also com-
pared the numbers and areas of focal adhesions, determined based on
immunostaining of the focal adhesion marker vinculin, in M1-7 cells
expressing Rc-mut or ΔC (Fig. 2H, H′, I and I′). This analysis revealed a
~1.5-fold increase in the number of focal adhesions and a ~1.6-fold
enlargement of their size in Rc-mut ΔC-expressing cells compared to
Rc-mut-expressing control cells (Fig. 2J and K, Supplemental Fig. S2A
and B). Vinculin protein levels were similar between the two cell popu-
lations (Supplemental Fig. S2C). Collectively, these results suggest that
the carboxyl-terminal globular domain of MYO18Aα plays a critical
role not only in regulating βPIX cellular localization but also focal adhe-
sion size and number in cells.
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To further dissect the MYO18Aα–βPIX interaction mechanism, we
next mapped the region(s) of βPIX responsible for this interaction. βPIX
contains an SH3 domain; a DH domain; a PH domain; and a GIT1-
binding domain (GBD), within which is a coiled-coil domain (Fig. 3A).
Starting with full-length βPIX cDNA, we designed several deletion mu-
tants (Fig. 3A) based on these predicted domains, cloned them into
pFlag-CMV2 or pEGFP-C3 vectors, and expressed them separately in
A431 cells (Fig. 3B). The resulting cell lysates were immunoprecipitated(B)
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acids PAWDETNL downstream of the coiled-coil domain, and
expressed it in A431 cells to test its interaction with MYO18Aα. Co-
immunoprecipitation experiments revealed that βPIX1–638 had lost
the ability to interact with MYO18Aα (Fig. 3G).
A previous bioinformatics analysis revealed that human Rho-GEFs,
including βPIX, share the common feature of a putative PDZ-binding
motif at their carboxyl termini; in the case of βPIX, this motif (ETNL)
is located at carboxyl-terminal amino acids 643–646 [32]. To map the
minimal region of βPIX required for binding to MYO18Aα, we generated
and tested an additional βPIXmutant, βPIX1–642. The results showed that
deletion of the most carboxyl-terminal four amino acids (ETNL) of βPIX
signiﬁcantly decreased, but did not completely abolish, the interaction
between βPIX and MYO18Aα (Fig. 3G).
3.4. The MYO18A-binding domain in the C-terminus of βPIX is important
for βPIX membrane localization
Having shown that the carboxyl terminus of βPIX is crucial for βPIX
binding to MYO18Aα, we next investigated how this MYO18A-binding
region might inﬂuence the cellular function(s) of βPIX. To accomplish
this, we generated DsRed- and EGFP-tagged βPIXFL and βPIX1–638
mutants and tested the effects of their overexpression in A431
cells. Both DsRed-tagged βPIXFL and βPIX1–638 mutant proteins of
the predicted sizes were properly expressed in A431 cells (Fig. 4A).
Co-immunoprecipitation experiments revealed that DsRed-βPIX1–638,
like DsRed-βPIXFL, retained the ability to interact with endogenous
βPIX and GIT1, a known βPIX-interacting protein (Fig. 4A). Transfected
cells were then processed and visualized by confocal microscopy
(Fig. 4B, B′, C and C′), and EGFP-paxillin was cotransfected as a marker
of focal adhesions. Images acquired from the upper layer showed that
DsRed-βPIX was mainly localized in the cytoplasm and membrane
rufﬂes (Fig. 4B, arrows, and Supplemental Fig. S3A), consistent with
previous reports [32]. Images acquired from the bottom layer showed
that DsRed-βPIX was also localized at focal adhesions around the cell
margins (Fig. 4B, B′, arrowheads). These data are consistent with
many previous studies on βPIX [15,18–27].
In contrast to wild-type βPIX, the βPIX1–638 mutant, lacking the
MYO18A-binding region, did not localize to membrane margins(Fig. 4C, arrows), but accumulated in focal adhesion-like structures
(Fig. 4C, C′, arrowheads, and Supplemental Fig. S3B). This observation
is in line with our previous study showing that, in the MYO18A-
knockdown cell line M1-7, βPIX/GIT1/PAK2 complexes were concen-
trated in focal adhesions in the absence of a change in βPIX, GIT1, or
PAK2 protein levels [28]. To quantitatively evaluate this accumulation
in focal adhesion-like structures, we determined the numbers and
areas of focal adhesions, determined based on immunostaining of the
focal adhesion marker vinculin, in A431 cells expressing Flag-βPIXFL
or Flag-βPIX1–638. This analysis revealed a ~2-fold increase in the
number of focal adhesions and a ~3-fold enlargement of their size in
βPIX1–638-expressing cells compared to wild-type βPIX-expressing con-
trol cells (Fig. 4D and E, Supplemental Fig. S4B and C). Vinculin protein
levels were not different between the two cell populations (Supplemen-
tal Fig. S4A). Several studies have reported that the PDZ-bindingmotif of
βPIX binds to the PDZ domains of SCRIB (mammalian ortholog of Dro-
sophila Scribble) [33], SHANK (SH3 andmultiple ankyrin repeat domain)
[34], and SNX27 (sorting nexin 27) [35]. Although we could not rule out
the possibility that the effects of βPIX1–638 on focal adhesions could be
due to these other interactions, our results indeed suggest that the
MYO18A-binding region of βPIX (amino acids 638–646) plays a critical
role in regulatingβPIX cellular localization and function in focal adhesion
turnover.
3.5. Membrane localization of βPIX is required for A431 cell migration
Wehave shown that theMYO18A-binding domain of βPIX is impor-
tant for its localization to membrane margins, and deletion of this do-
main results in βPIX accumulation in focal adhesions and increases
the number and size of focal adhesions. Because the turnover of focal
adhesions, which determines the number and size of focal adhesions,
is known to be crucial for epithelial cell migration [36], we next exam-
ined the migration ability of A431 cells transfected with βPIXFL or
βPIX1–638 mutant using Transwell migration assays (Fig. 5A). Both
DsRed-tagged and EGFP-tagged series of βPIX plasmids were tested in
these experiments. The results showed thatwhen cellswere transfected
with wild-type βPIX, their migration ability was signiﬁcantly enhanced
(~2.5-fold) compared to mock-transfected control cells. In sharp con-
trast, far fewer βPIX1–638-transfected cells migrated to the lower
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control cells (Fig. 5B and C). These results indicate thatmembrane local-
ization of βPIXmediated by its MYO18A-binding domain is required for
A431 cell migration.
To further address the role of MYO18Aα in the βPIX-mediated en-
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2522 R.-M. Hsu et al. / Biochimica et Biophysica Acta 1843 (2014) 2513–2527and C). In contrast, neither DsRed-βPIXFL nor DsRed-βPIX1–638 ex-
pression signiﬁcantly altered the migration ability of M1-7 cells
(Fig. 6B and C). Similar results were also obtained using wound-
healing assays (Supplemental Fig. S5). In addition, we performed
rescue experiments to determine whether MYO18A protein re-
expression in M1-7 cells restored migration ability. As expected, the
rescued M1-7 cells exhibited the same behavior as V1 control cellswhen transfected with DsRed -βPIXFL or DsRed -βPIX1–638 expression
plasmids (Fig. 6B and C). However, overexpression of the MYO18A
Rc-mutΔC mutant lacking the carboxyl-terminal globular domain did
not rescue migration ability in M1-7 cells (Fig. 6D–F). Taken together,
these data demonstrate an essential role of MYO18A in targeting βPIX
to membrane rufﬂes and transducing βPIX-mediated signals that pro-
mote epithelial cell migration.
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Rac1 activation
Numerous studies have described βPIX as a positive regulator of
Rac1 and Cdc42 in epithelial cell migration [21–26]. We thus investi-
gated the effect of the MYO18A–βPIX interaction on Rac1 and Cdc42activity. We ﬁrst examined Rac1 activity in MYO18A-knockdown
(M1-7) and control (V1) cells. As predicted, the Rac1 activity of
M1-7 cells was signiﬁcantly lower (~3-fold) than that of control
cells, whereas the activity of Cdc42 remained unchanged (Fig. 7A).
Notably, we also found distinctly different distributions of Rac1 in
V1 and M1-7 cells: in V1 cells, Rac1 was prominently distributed to
lamellipodia and active membrane rufﬂes, whereas in M1-7 cells,
Rac1 was primarily condensed in membrane rufﬂes (Supplemental
Fig. S6). Given the signiﬁcant effects caused by abolishing the
carboxyl-terminal MYO18A-binding domain of βPIX, we compared
Rac1 activity in EGFP-βPIXFL- and EGFP-βPIX1–638-expressing cells.
We found that Rac1 activity was ~2.5-fold lower in cells expressing
EGFP-βPIX1–638 than in those expressing EGFP-βPIXFL (Fig. 7B). Taken
together, these observations indicate that the MYO18A–βPIX interac-
tion plays an important role in the regulation of the actin cytoskeleton
and cell migration by the βPIX/Rac1 axis.
4. Discussion
MYO18A, a newly discovered myosin, was previously shown to in-
teract with the PAK2/βPIX/GIT1 complex and was implicated in playing
an important role in regulating epithelial cell migration [28], but the un-
derlying mechanism remains elusive. In this work, the direct binding
domain between βPIX andMYO18Aα and subsequent biological effects
of this interaction were ﬁrst characterized. We found that βPIX binds
directly via its most carboxyl-terminal eight amino acids to the
carboxyl-terminal globular region of MYO18Aα and regulates focal ad-
hesion dynamics, Rac1 activity, and subsequent cytoskeleton reorgani-
zation and cell migration (model in Fig. 8B). The results present herein
provide several important insights into the biological function(s) of
βPIX–MYO18Aα interaction in regulating cell migration.
First, the interaction between MYO18Aα–βPIX does not follow the
common binding rule. According to a previous bioinformatics analysis,
~40% of Rho-GEFs contain a putative PDZ-binding motif at the carboxyl
terminus [32]. The PDZ-bindingmotif sequence of βPIX is ‘ETNL’, which
has been reported to bind to the PDZ domains of SCRIB (mammalian
ortholog of Drosophila Scribble) [33], SHANK (SH3 andmultiple ankyrin
repeat domain) [34], and SNX27 (sorting nexin 27) [35]. However, our
data showed that βPIX employs its most carboxyl-terminal eight
amino acids to bind the carboxyl-terminal globular region, but not the
PDZ domain, of MYO18Aα, an interaction that does not ﬁt the common
binding rule. Although deletion of ETNL dramatically decreased the
binding of βPIX to MYO18Aα, some interaction was retained, which
led us to examine the role of the carboxyl-terminal eight amino acids,
PAWDETNL, of βPIX using deletionmutants. In addition, we have tested
whether conventional binders such as SCRIB and SNX27 can compete
with the MYO18A tail for βPIX in cells. We found that overexpression
of SCRIB or SNX27 in A431 cells had little effect on the interaction be-
tween MYO18A and βPIX (data not shown). Currently, we don't know
why and how the C-terminal globular domain, but not PDZ domain, of
MYO18A can mediate the interaction between MYO18A and βPIX.
Future work will be required to clarify this point.
Second, the interaction between MYO18Aα–βPIX regulates the
cellular localization of βPIX. As a newly discovered unconventional
myosin, the function of MYO18A globular region is not clear [3–5]. In
this study, we ﬁrst provide evidence that the globular region of
MYO18A mediates its binding to βPIX and that deletion of this region
cause apparent changes of βPIX distribution (Fig. 2D) and decreased
cell migration (Fig. 2G). This ﬁnding implicates that MYO18Aα acts as a
regulator of βPIX by directly targeting βPIX to speciﬁc subcellular loca-
tions where it carries out its biological activities.
Third, the interaction between MYO18Aα–βPIX is required for the
βPIX-mediated cell migration. The results of Transwell migration assays
showed that βPIX overexpression enhanced cell migration ability, an
effect that was blunted by deleting the carboxyl-terminal MYO18Aα-
binding region of βPIX (Fig. 5B and C). Moreover, the effects of
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niﬁcantly different in M1-7 cells lacking MYO18Aα, but restoring
MYO18A protein levels through exogenous expression signiﬁcantly res-
cued the migration-enhancing effects of DsRed-βPIXFL (Fig. 6A and C).
Although we cannot rule out the possibility that the effects observed
in Fig. 5 are caused by disrupting the binding of other protein complexes
to βPIX at the same location, migration assays using Rc-mut and
Rc-mutΔC (Fig. 6D–F) showed that the carboxyl-terminal globular
domain of MYO18A is important for βPIX-mediated cell migration,0 
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2525R.-M. Hsu et al. / Biochimica et Biophysica Acta 1843 (2014) 2513–2527(rearrangement) or related cellular events, which may provide insight
into the regulation of adhesion and migration by the βPIX/Rac1 axis in
epithelial cells.
Numerous studies have reported modulation of focal adhesions by
βPIX. A recent study that focused on an analysis of the myosin II-
responsive focal adhesion proteome proposed that βPIX is a negative
regulator of focal adhesion maturation [27]. This study found that myo-
sin II mediates major compositional changes in focal adhesions and
demonstrated thatβPIX negatively regulates focal-adhesionmaturation
by promoting Rac1 activation, lamellipodial protrusion, and nascent ad-
hesion turnover. This observation is in line with our current ﬁndings
that wild-type βPIX-expressing cells, which exhibited membrane rufﬂe
localization of βPIX, had higher Rac1 activity and possessed greater cell
motility; in contrast, cells expressing theβPIX1–638mutant, which local-
ized to focal adhesions, had lower Rac1 activity and migrated more
slowly.
According to our data, we proposed that in a migrating epithelial
cell, PAK2/GIT1/βPIX complexes may travel along F-actin between
membrane rufﬂes and focal adhesions through βPIX binding to the
carboxyl-terminal globular domain of MYO18A. MYO18A can mediate
the transportation of the complex frommature focal adhesions tomem-
brane rufﬂes where nascent focal adhesions form, activating Rac1 by
promoting GDP-GTP exchange and subsequently inducing F-actin poly-
merization. Focal adhesion turnover, which is rapid in this context, in
turn promotes cell migration. Disruption of the MYO18A–βPIX interac-
tion in epithelial cells causes accumulation of PAK2/GIT1/βPIX com-
plexes, largely in mature focal adhesions, resulting in much lower
overall Rac1 activity compared to that inwild-type cells. The thick stressﬁbers that appear in the cytoplasm and focal adhesions in these cells are
large and mature (old); under these circumstances, cell migration abil-
ity is greatly impaired (Fig. 8B). Recently, several studies have reported
thatMYO18Amay functionmore like an actin-binding protein serving as
a scaffold protein to anchor other cellular components (or cargos) to the
actin ﬁlaments, than as a motor protein [4,5,37,38]. How MYO18A can
mediate the transportation tasks remain puzzling. One possible explana-
tion is its interaction to other protein(s) such as translocating motor or
stimulatorwhichmay trigger itsmotor activity to execute the transporta-
tion task.
In summary, we herein elucidate the interaction network of a previ-
ously described protein complex, PAK2/βPIX/GIT1/MYO18A (Fig. 8A)
and advanced highlight the MYO18Aα–βPIX interaction mechanism
in this complex. The regulatory role of MYO18A mediated via direct
binding to βPIX might account for some of the functions and molecular
mechanisms of the PAK/PIX/GIT complex in actin ﬁlament regulation,
focal adhesion turnover, and cell migration (Fig. 8B). Given the multi-
domain characteristic of MYO18A, future investigations are likely to
reveal novel aspects of MYO18A function in cell migration and other
biological functions.
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